Conducting polymers (CP) with high charge carrier mobility are crucial for flexible organic electronic devices. However, the inherent carrier mobility of these polymers is very low. Therefore, methodologies need to be explored to improve the carrier transport in these polymers so that they can be efficiently used in organic electronic devices. Graphene, due to its exceptional electrical and mechanical properties, is a promising material to be examined for its possible incorporation in CP matrix to achieve the objective. We have prepared graphene composites of the conducting polymers following an optimized procedure and these were investigated for their charge transport properties. The mobility values were measured using electric field induced second harmonic generation (EFISHG) and field effect transistor (FET) transfer characteristics. Both the transient and average mobilities were found to increase significantly with the inclusion of graphene. This enhancement in mobility has been attributed to an ordered packing of the thinner and smaller graphene sheets with polymer chain and interfacial p-p interaction. To substantiate its usefulness in device applications, the effect of graphene inclusion was also investigated for polymer solar cells and it was observed that despite of reduction in open circuit voltage, device fabricated using graphene composites yielded about 20% higher efficiencies as compared to pristine conducting polymer devices.
Introduction
Conducting polymers have several advantages over conventional semiconductors like mechanical exibility, easy processing and transparency which can help in fabrication of cheaper exible electronic devices. 1 The research on conducting polymers has been recently intensied for fabrication of various cheap and lightweight organic devices, such as LEDs, 2 solar cells, 3 transistors, energy storage, 4 thermoelectric, 5 rechargeable batteries, 6 and chemical/biosensors. 7 In most of these polymers, free charge carriers are created on absorption of light and hence they are widely used in bulk heterojunction solar cells.
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Poly(3-hexylthiophene) (P3HT) and poly[N-9 0 -heptadecanyl-2,7-carbazole-alt-5,5-(4 0 ,7 0 -di-2-thienyl-2 0 ,1 0 ,3 0 -benzothiadiazole)] (PCDTBT) have been among the most sought conducting polymer materials for organic photovoltaic applications owing to their strong optical absorption and easy processibility from solution. 10, 11 However, their typical charge carrier mobility is very low and need to be improved for efficient devices. The energy bands in conducting polymers are extremely narrow and charge transport is facilitated via hopping, as a result the motion of carriers slows down resulting in low mobility that in turn severely hampers their practical application. To improve the charge transport, research has been continuously developing and an increasing interest was devoted to hybrid assemblies based on CPs. Attempts are reported where CPs in combination with a variety of materials like non-conducting polymers, metals, metal oxides/chalcogenides, CNTs, carbonaceous materials, and other inorganic compounds were tried and investigated by several groups. [12] [13] [14] [15] [16] However, the success of these attempts have remain limited.
Graphene is a semimetal where conduction and valence band coincide at the Fermi level. It exhibits a strong ambipolar electric eld effect and resembles a semiconductor having a charge carrier concentration up to 10 13 /cm 2 . Graphene sheets consist of sp 2 -bonded carbon atoms arranged in one-atom thick hexagonal lattices and exhibits unique characteristics of extraordinary electron mobility, intrinsic material strength, and thermal properties. In view of the above, graphene based composites are emerging as a promising class of materials for several applications and when functionalized graphene (or graphene oxide) incorporated into polymers some of these properties manifest a remarkable improvement in the host material. [17] [18] [19] [20] [21] [22] [23] [24] [25] However, incorporation of pristine graphene sheets into conducting polymer matrix is quite complex, as during the formation process, typically a few layer thick and few micron long graphene akes are produced and these can provide a direct path for carrier transport to overturn the purpose. Therefore, an approach for making the composites using smaller sheets is required. We have successfully prepared graphene composites of these polymers using thin and short graphene sheets and investigated their carrier transport properties. In this paper, we demonstrate a signicant improvement in mobilities of these composites using direct visualization of carrier movement and also analyze the reasons for this improvement. Solar cells were fabricated using these composites and their performances were also investigated and reported.
Experimental
PCDTBT, P3HT, and phenyl-C 61 -butyric acid methyl ester (PCBM) were obtained from M/s Aldrich Chemicals and used without further purication. Solution of short graphene-sheets was obtained by keeping the suspension of commercially available graphene-akes in dichlorobenzene (0.1 mg/10 mL) for 30 days in an ultrasonic bath. The ultrasonic agitation resulted in the exfoliation of thin and short graphene sheets.
26
The structural characterization of obtained graphene sheets was carried out using Raman spectroscopy (model LabRam HR-100) and transmission electron microscopy (model Carl Zeiss Libra(R) 200FE).
For the purpose of transport studies, the active layer solutions were prepared by dissolving P3HT and PCDTBT (20 mg mL À1 and 10 mg mL À1 respectively) in dichlorobenzene. The solutions were stirred in dark for 48 h and then ltered using a 0.45 micron lter. In order to make composites, solution of exfoliated graphene sheets was blended with the conducting polymer solution (10 mL mL À1 ) for 48 h and a homogeneous blend was obtained. Homogeneity of the blend was conrmed using Raman spectroscopy on three sets of deposited lms at different places. The carrier mobilities were measured using the electric eld induced second harmonic generation (EFISHG) and organic eld effect transistor (OFET) transfer characteristics. For these studies, the sample structures were fabricated in bottom gate top contact FET geometry on commercially available Si substrates having thermally grown 500 nm SiO 2 layer. The basic arrangement of the experimental system is shown in Fig. 1 , where a laser beam (from femtosecond optical parametric amplier pumped by a Ti:sapphire regenerative amplier system) was vertically incident onto the sample through the objective lens and images formed by SHG light from the samples were captured at 550 nm for different time intervals using a CCD camera.
The transfer (I DS vs. V GS at constant V DS ) characteristics of the fabricated transistors were measured using a setup containing two source-meters and in-house developed soware. Field effect hole mobility values (in saturation region) were calculated from the OFET transfer characteristics following an established procedure.
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In order to study the photovoltaic characteristics, the solar cells were fabricated using P3HT/PCDTBT as donor polymer and PCBM as an acceptor molecule. The active layer blend was prepared in dichlorobenzene solvent by mixing of P3HT/ PCDTBT and PCBM in 1 : 1 and 1 : 2 weight ratio respectively. For fabrication of solar cell devices ITO coated glass having 10 Ohm per square resistivity was taken and patterned into three linear strips size 3 mm Â 25 mm separated by $4 mm using chemical treatment by etching out the undesired area using an optimized acidic solution. Such prepared substrates were cleaned using doubly distilled deionized water (resistivity $ 18.2 MU cm), acetone, iso-propanol and dried by blowing pressurized nitrogen, followed by UV-ozone treatment for 15 minutes prior to deposition of Hole Transport Layer (HTL). 50 nm layer of poly(3,4-ethylenedioxythiophene) poly (styrenesulfonate) (PEDOT:PSS) (Ossila-PH-1000) was spin casted on the substrate at 2500 rpm and annealed for 2 h at 120 C.
Subsequently, the PEDOT:PSS deposited substrates were transferred inside a glove box (MB 20G, MBraun Inc. Germany) where oxygen and moisture were controlled within 0.1 ppm level. The active layer blend was spin casted at a spinning speed of 2000 rpm in the glove box. Finally, 100 nm aluminum electrodes were deposited by thermal evaporation (vacuum: 1 Â 10 À6 Torr) using a shadow mask to yield 3 Â 3 array of devices each cell bearing an area of 6 mm 2 . The typical device structure is shown in Fig. 1c . Prior to transferring the device outside glove box, it was sealed using an epoxy (Ossila) and was cured by UV treatment. The photovoltaic measurements were carried out on AAA Solar Simulator (Sciencetech SS 150) calibrated using NREL certied standard Si solar cell.
Results & discussion
For structural characterization, TEM images and Raman spectrum of exfoliated graphene sheets were recorded and presented in Fig. 2 . The TEM images revealed that typical size of nanosheets is $25 nm. The Raman spectra exhibit two principal bands (G and 2D) for graphene and a third D band related to defects. The symmetry of 2D peak indicates presence of pure graphene. The intensity ratio of 2D and G band is found to be $0.5 which shows that exfoliated sheets typically contain 3-5 layers. [29] [30] [31] The D band peak requires defects for its activation and its presence and reasonable intensity indicates the existence of defects from the edges and thus reconrms presence of short sheets.
The movement of injected carriers can be directly visualized using EFISHG measurements. [32] [33] [34] The recorded SHG images at different time intervals are presented in Fig. 3 . On application of a step voltage pulse (of 250 ms width), carriers are injected from the source electrode into the organic semiconductor layer and transported between the two electrodes. Due to the presence of these carriers an electric eld is generated inside the organic semiconductor resulting in the emission of SHG light due to nonlinear susceptibility of the organic compounds. The actual locations of carrier (holes) at a certain time aer the application of a 70 V pulse are presented in Fig. 3 in form of snapshots. Set a, b, c, and d, are for P3HT, P3HT:graphene, PCDTBT, and PCDTBT:graphene respectively. The location and intensity of the bright cloud indicates the presence and concentration of the holes at any point of time. A bright horizontal line towards the bottom is the position of the source electrode. As the time passes, this cloud progressively moves upward towards the drain electrode. The darker spots/areas in these images could be attributed to morphology of the deposited lms as emitted light did not have an oblique emission and hence the light was not collected by the detector. It is evident from the gures that the injection of carriers is very smooth in all the lms. A close observation of these pictures reveals that initially the carrier movement is quick however, as they move away from the electrodes their motion becomes relatively slow. This could be attributed to the reduction in coulombic repulsion owing to the change in concentration of the carriers over the period of time, in addition to presence of structural disorder, defects, trapping centers, and poor interconnectivity.
The mobility values at different times calculated from the actual movement of their wave-front are presented in Table 1 .
For pure P3HT samples (Fig. 3a) , the carrier movement is slow as compared to graphene composite (Fig. 3b) . In P3HT sample carriers are seen approaching the drain electrode in $10 ms time. In both the cases, as the movement progresses the sharpness is faded and towards the end the cloud is uniformly distributed. It suggests an even distribution of the carriers and also indicate that some holes are still exist near the source electrodes. The mobility value in graphene composite as compared to pristine P3HT is increased by an order from 4. reasons described earlier, the transient mobilities were found to reduce with the time and aer 2 ms of the injection, the mobility value was reduced to 1.4 Â 10 À3 cm 2 V À1 s À1 for pristine and 1.8
for graphene composite, which is similar behavior as observed for the P3HT lms. The reason for a sharp drop in mobility value is that the carriers have to hop from one crystalline domain to another in order to get transported over entire distance. In addition, structural disorder, defects, and poor interconnectivity also play their role to trap charges and reduced mobility during this movement in conducting polymers.
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To further investigate the charge transport, average mobility values were also measured by FET transfer characteristics. The calculated mobility values are given in Table 1 . The averaged mobility for graphene composite with P3HT has been enhanced about three fold from 1.6 Â 10 À4 to
. However, in case of PCDTBT the mobility was increased from 4.7 Â 10 À5 to 7.9 Â 10 À5 cm 2 V À1 s
À1
. As expected, these are found lower than the transient mobilities.
There could be following three possible reasons for the enhancement of mobility in the composite lms: (a) either graphene itself is contributing to the conductivity, (b) a chargetransfer doping of the organic semiconductor is taking place and (c) there is an improvement in the interior morphology of the lms due to incorporation of graphene, which eventually is reected in form of mobility enhancement. The AFM images (not presented here) have shown that inclusion of graphene has not made any noticeable contribution to the average roughness which remain of the order of few nanometers and therefore third possibility (c) is ruled out, and others are discussed below. Both P3HT and PCDTBT have an inherently unstable backbone of a nite length resulting from the formation of alternate single and double bonds along the chains and the mobile carriers are added through doping. The delocalized pi-bonding electrons across the conjugated back bone provide a pathway for the movement of these carriers. It is prudent to mention here that the electronic energy bands are extremely narrow and slow down the carrier motion substantially. These slow moving electrons distort/polarize the lattice and polarons are formed with long life time. 36 The added layer of graphene is a zerooverlap semimetal and contains both holes and electrons as charge carriers. Aer two dimensional bonding through sp 2 hybridization one electron is le freely available in the third dimension which forms a set of protruding p electrons clouds in out of the plane direction. These highly-mobile electrons are located above and below the graphene sheets and the electronic properties of graphene are dictated by the bonding and antibonding of these p orbitals. When a thinner graphene sheet comes into close contact with P3HT and PCDTBT, their conducive surface energies organize them to get arranged in a lamellar packing and would facilitate a p-p interaction between the chains. 37, 38 Under this situation, the interaction of their p-orbitals in singlet state will distort the crystal potential and create additional localized levels near to highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) in the forbidden region. This enforce creation of an additional polaron in the conducting polymer. 39 Thus, the interaction of graphene with P3HT and PCDTBT creates additional polarons in the lattice through a p-p interaction and tune the electrical properties. 40 The similar improvement in the mobility of conjugated polymers has been reported and attributed to the formation of an ordered lamellar packing of the alkyl side chains benetting the inter-chain p-p interaction, 41 which is graphene in the present case. The typical size of graphene sheets is very small as compared to long polymer chain, the role of additional electrons available with graphene over the entire pathway is limited and therefore, the rst possibility (a) is also less probable. Therefore, it is proposed that in the presence of graphene, availability of the additional holes across the chain for conduction enhance the mobility of conducting polymer chain. It may be noted that researchers have demonstrated the similar improvement in mobility by adding $10% of functionalized CNTs and addition to such large amount creates structural deformation. However, in our case, PPM level of graphene has made a signicant enhancement.
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The measured J-V characteristics of different devices are shown in Fig. 4 and calculated photovoltaic parameters are presented in Table 2 . When graphene composite was used in place of PCDTBT, the open circuit voltage (V oc ) was reduced from 0.66 V to 0.63 V, however the short circuit current (J sc ) was increased from 14 mA cm À2 to 17 mA cm À2 and ll factor (FF) was increased marginally. A similar trend was observed for P3HT:PCBM solar cells where V oc was reduced from 0.63 to 0.59 V and J sc was increased from 12 to 13 mA cm
À2
. As a result, when graphene composites were used an overall improvement of $20% for PCDTBT and $10% for P3HT based devices have been observed. When similar experiments were performed with larger graphene akes the device quality was degraded. It is reported that blending of graphene with P3HT has yielded an efficiency to 45 However, under practical conditions, the charge transfer states originated at the D-A interface also plays a major role.
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Charge Transfer (CT) state complexes (also known as polaron pairs) are interfacial electron-hole pairs located at the donoracceptor (D/A) hetero-interface [48] [49] [50] [51] [52] and are closely related to polaron pairs. 52 Also, there exist a direct relationship between V oc and average energy of CT states. 53 The CT states will affect the V oc when the exciton would populate these states provided the levels are lower to the singlet state. The interaction of graphene with donor polymers could downshi the electron quasiFermi level and upshi the hole quasi-Fermi level thereby reducing the V oc correspondingly.
If the recombination rate remains unaltered, enhanced mobility in the presence of graphene could facilitate the faster collection of holes at anode, which eventually improves J sc . Thus the improvement in J sc has been attributed to better mobility values. In all, the current has increased owing to better charge transport, however, a reduction in open circuit voltage has offset some of its effect on efficiencies. Nevertheless there is a denite improvement ($10-20%) in the device efficiencies.
Summary
To summarize, graphene has been used to improve the carrier mobility in the polymers namely P3HT and PCDTBT. The graphene composites were prepared under optimized condition aer exfoliation of thinner and shorter graphene sheets from nano-akes. The charge transports in these composites were mapped using EFISHG and further investigated by measuring the mobility values using FET transfer characteristics. The carrier injection was smooth and both the average and transient mobility values were found to have signicantly increased in graphene composites. The enhancement in mobility has been attributed to an ordered lamellar packing of the graphene with polymer chain and interfacial p-p interaction. The graphene composites solar cells were found to yield better efficiencies owing to improved carrier transport. To conclude, we have demonstrated that shorter and thinner graphene sheets are suitable for making their composites with conducting polymers which bears remarkably improved mobility values.
